The complexity of the reactive magnetron sputtering process is demonstrated by four simulation examples. The examples, commonly encountered during the application of this process for thin film deposition, are described by a numerical model for reactive sputter deposition. A short description of the current model precedes these case studies. In the first example, redeposition of sputtered atoms on the target is studied by its effect on the hysteresis behavior often observed during reactive sputtering. Secondly, the complexity of current-voltage characteristics during reactive magnetron sputtering is treated. The influence of substrate rotation and the pulsing of the discharge current illustrate the time dependence of the reactive sputtering process. As a conclusion, the two main challenges for a further improvement of the model are discussed.
Introduction 1
Modeling of reactive magnetron sputtering is essential to get a full under-2 standing of this process. This bold statement is based on the long experience 3 of our team supported by many researchers in the thin film communities. 23 The key elements of reactive sputtering, and the RSD model are de-24 scribed in this section. Reactive magnetron sputter deposition is a compli-25 cated process which can puzzle the less experienced researcher. To assist the 26 understanding of this short description (and the remainder of the paper), the 27 interested reader can benefit from a tutorial paper on this topic [7] . Technical 
Reactive sputtering and the RSD model

30
The RSD model follows the tradition in modeling reactive sputtering to 31 describe this process based on the conservation of reactive species [9] . To 32 simplify the discussion, only diatomic gases such as oxygen and nitrogen 33 are considered. The molecular reactive gas enters the vacuum chamber at 34 a reactive gas flow equal to Q in . The initial gas mainly reacts with the 35 deposited material to form the desired compound on the substrate. The 36 consumption rate of the reactive gas atoms in this process is described by 37 Q c . The reactive gas reacts to a minor extent also at the target. Again a 38 consumption rate Q t is defined. When reactive gas flow remains lower than a 39 given reactive flow, known as the first critical point Q in,1 , this description is 40 basically sufficient to explain the observed features of the process. Indeed, if 41 the deposition rate remains high, the reactive gas partial pressure is low, and 42 other deposition parameters hardly differ from the condition without reactive 43 gas addition. Therefore, this regime of the process is known as the metallic 44 mode. The deposited compound in this regime is typically substoichiometric.
45
At the first critical point, the reactive gas flow is balanced by the maximum 46 consumption rate, or the getter capacity, of the process. Further reactive 47 3 gas addition leads to important process changes: an increase of the reactive 48 gas partial pressure, and a drop in the deposition rate. The origin of these 49 changes is the interaction of the reactive gas with the target which leads 50 to compound formation. The lower sputter yield of the target under these 51 conditions reduces the gas getter capacity as less metal is deposited. Hence, So, essentially, the RSD model describes the balance between the gas 69 input, and the consumption rates of the pump, the substrate, and the target, the RSD model builds on the contribution of several authors to the field.
86
The model distinguishes itself by the description of the consumption rate by 87 the target as a consequence of several target processes. Evidently sputtering 88 of metal and compound molecules is the first one. The chemisorption of re-89 active gas molecules at the target surface is described in a similar fashion as 90 the chemical reaction between the reactive gas and the deposited material.
91
The implantation of the reactive gas into the target is treated in a distinctive the redeposited metal is incorporated at the surface as a non-reacted metal.
174
The rather low oxygen sticking probability of 0.1 used in the simulations 175 results in a lower probability for the reaction of the redeposited metal by 176 chemisorption as compared to the probability to be re-sputtered with a high 177 yield as non-reacted metal.
178
In summary, based on these simulations it is clear that redeposition can 179 be an important effect during magnetron sputter deposition, and its impact 180 on the first critical point can be understood from a reduced deposition rate 181 that lowers the getter capacity of the process. is sweeping the discharge current while the reactive gas flow is maintained.
185
Different process parameters, such as the reactive gas partial pressure or 186 the discharge voltage, as function of the discharge current can be measured. et al. [7] , and in Depla et al. [18] In this context, it is important to mention 
Example 3: Sample rotation
235
The gas distribution of both the reactive and the sputter gas are impor-236 tant to improve film uniformity, especially for large area coaters [19] . The Due to the increased complexity, one often needs to find a compromise 242 to obtain reasonable simulation times, e.g. a less detailed description of the 243 target poisoning mechanisms. In the RSD code, the gas distribution is not 244 included as it is assumed that the oxygen pressure is uniform over the vacuum 245 chamber. The distribution of the sputtered atoms is however implemented 246 including the output of SIMTRA simulations. This permits to investigate 247 the influence of sample rotation as an alternative to optimize film uniformity.
248
When the substrate orientation affects in a major way the deposition profile,
249
it can be expected that the rotation speed of a substrate will influence the 250 reactive sputter process. This point will be discussed in more detail based 251 on the setup shown in Figure 5 . RSD simulations were performed for differ- From this reasoning it can also be understood that the influence of the 267 chamber size will be minor as in the simulation the wall surface area is already charge current increases, it is expected that the compound layer is sputtered,
312
and both fractions starts to decrease. This occurs however not immediately.
313
When the discharge current is zero, the implanted compound can further 314 react with the target material, slightly increasing the oxide fraction. 
20
Also, oxide will be formed deeper in the target. When the discharge 316 current increases, the formed oxide travels towards the surface, and increases 317 the oxide fraction θ r . As the reactive gas cannot chemisorb onto the oxide 318 fraction, its fraction will also decrease. The decrease will occur faster due to 319 sputtering. Nevertheless, due to the implantation, and the formation of an 320 oxide layer thicker than one monolayer, the target condition is not in phase 
